Although much is known about the global effects of insulin-like growth factor 1 receptor (IGF1R)-mediated signaling on fetal growth and the clinical manifestations resulting from IGF/IGF1R deficiencies, we have an incomplete understanding of the cellular actions of this essential pathway during vertebrate embryogenesis. In this study, we inhibited IGF1R signaling during zebrafish embryogenesis using antisense morpholino oligonucleotides or a dominant-negative IGF1R fusion protein. IGF1R inhibition resulted in reduced embryonic growth, arrested development and increased lethality. IGF1R-deficient embryos had significant defects in the retina, inner ear, motoneurons and heart. No patterning abnormalities, however, were found in the brain or other embryonic tissues. At the cellular level, IGF1R inhibition increased caspase 3 activity and induced neuronal apoptosis. Coinjection of antiapoptotic bcl2-like mRNA attenuated the elevated apoptosis and rescued the retinal and motoneuron defects, but not the developmental arrest. Subsequent cell cycle analysis indicated an increased percentage of cells in G1 and a decreased percentage in S phase in IGF1R-deficient embryos independent of apoptosis. These results provide novel insight into the cellular basis of IGF1R function and show that IGF1R signaling does not function as an anteriorizing signal but regulates embryonic growth and development by promoting cell survival and cell cycle progression.
The insulin-like growth factor (IGF) signaling pathway is an evolutionarily conserved signaling cascade that is essential for proper vertebrate growth and development. [1] [2] [3] Activation of this critical pathway occurs when IGF ligands (IGF-1 and IGF-2) bind their cognate receptor tyrosine kinase, the IGF1 receptor (IGF1R). This leads to downstream activation of a number of signaling cascades, including mitogen-activated protein kinase and phosphatidylinositol 3-kinase. 4 In vitro studies using a variety of mammalian cell lines, primary cultured cells and tissue explants have demonstrated that IGF1R signaling stimulates cell proliferation and protects cells from a variety of apoptotic stimuli. The mitogenic and antiapoptotic actions of IGF1R signaling are further underscored by the resistance of IGF1R-/-fibroblasts to malignant transformation. 5 Clinical studies have shown that human patients with lossof-function mutations in either IGF-1 or the IGF1R suffer severe intrauterine growth restriction and poor postnatal growth, as well as microcephaly, deafness and mental retardation. [6] [7] [8] [9] [10] Mouse genetic studies further established the causational importance of IGF1R signaling in fetal growth and development. IGF1R null mutant mice exhibited severe growth retardation at birth (45% of wild-type littermates) and died shortly after birth from respiratory failure. They also exhibited global organ hypoplasia and developmental retardation, with no loss of any organ or patterning abnormalities. 11, 12 It has thus been concluded that IGF1R signaling is a central regulator of somatic growth in mammals.
Recent studies have shown that the major components of the IGF signaling pathway are conserved in lower vertebrates such as zebrafish. 3 It was reported that zebrafish have two distinct igf1r genes resulting from a gene duplication event at the igf1r locus and both are required for embryonic viability and proper growth and development. 13, 14 Several studies in Xenopus, however, suggested that IGF1R signaling induces the formation of anterior neural tissue, the cellular basis for which was change in cell fate. 15, 16 A similar study in zebrafish was also reported. 17 Thus, there is a major discrepancy concerning the cellular basis for the conserved IGF1R signaling cascade during vertebrate development.
In this study, we sought to investigate the developmental roles of IGF1R signaling during zebrafish embryogenesis and to elucidate the underlying cellular basis in vivo. We show that targeted knockdown or specific inhibition of IGF1R signaling resulted in reduced body size, retarded developmental rate and increased embryonic lethality. Despite the fact that IGF1R-deficient embryos had significant defects in the retina, inner ear, motoneurons and heart, no major patterning abnormalities were detected. We further provide evidence that the defects in retina and other neural tissues are primarily caused by elevated apoptosis, but the developmental arrest is independent of apoptosis and correlates well with defects in cell cycle progression.
Results
Zebrafish igf1r knockdown causes growth retardation, developmental arrest and embryonic lethality but does not alter tissue patterning. To elucidate the roles of IGF1R signaling during zebrafish embryogenesis, the igf1r genes (igf1ra and igf1rb) were knocked down with gene-specific MOs. Two distinct igf1r MOs were designed to target each igf1r gene. The efficacy and specificity of these igf1r MOs in targeting their receptors were recently confirmed. 13 In this study, we further verified the ability of these igf1r MOs to knockdown endogenous IGF1R proteins and inhibiting IGF1R signaling by biochemical analysis. As shown in Figure 1a , embryos injected with igf1r MOs have greatly reduced levels of total IGF1R protein compared to control MO-injected embryos. Further analysis showed a similar reduction in the levels of phosphorylated IGF1R (Figure 1b) .
Previous work has shown that embryos with reduced IGF1R signaling exhibit significant reductions in both somite number and body length at 24 h postfertilization (hpf). 13 In this study, we examined igf1r MO-injected embryos at multiple time points during the first 24 h of development (Figure 1c) . Igf1r MO-injected embryos developed normally until about 16 hpf. Their development slowed thereafter and arrested at approximately 18 hpf, whereas control MO-injected embryos continued to develop normally (Figure 1c) . By 24 hpf, embryos The effect of igf1r MOs in knocking down IGF1R protein and inhibiting IGF1R signaling was analyzed at 24 hpf using IP followed by IB analysis. The antibodies used are indicated. An anti-Tubulin antibody was used to control for input and loading. Similar results were obtained in two other microinjection experiments. (c) Phenotypes of control (upper panels) and igf1r MO-injected embryos (lower panels) at 10, 16, 18 and 24 hpf. In three separate microinjection experiments, 78% of igf1r MO-injected embryos exhibited this phenotype (N ¼ 210). Lateral views, anterior to the left. Scale bar ¼ 250 mm. (d) Heart morphogenesis is retarded in igf1r MO-injected embryos compared to controls. Expression of nkx2.5 mRNA in control and igf1r MOinjected embryos at 24 hpf (left panels). Note the failure of the heart primordia in igf1r MO-injected embryos (black arrowheads) to fuse at the dorsal midline to form a heart tube, as in controls (black arrow). Dorsal views, anterior to the top. Scale bar ¼ 100 mm. Similar patterns were observed in all 12-15 embryos examined in each group. F59 immunostaining in control and igf1r MO-injected embryos at 24 hpf (right panels). Note the reduction in the cell mass and in ventral migration of the heart in igf1r MO-injected embryos (white arrowhead) compared to control MO-injected embryos (white arrow). Lateral views, anterior to the left, dorsal to the top. Scale bar ¼ 100 mm. Similar patterns were observed in all embryos examined in each group (N ¼ 12-15) injected with igf1r MOs had only 16.5 þ 2.1 somites compared to 29.871.3 somites in the control group, indicating that they were developmentally equivalent to wild type or control embryos at 17-18 hpf. Additionally, igf1r MO-injected embryos lacked many anterior neuronal features, such as eyes and exhibited a lack of tissue transparency ( Figure 1c) . By 30 hpf (prim-15 stage), most igf1r MO-injected embryos died, whereas control MO-injected embryos were viable and morphologically indistinguishable from their wild-type siblings.
To investigate further this developmental arrest phenotype, we examined the timing of heart morphogenesis. In situ hybridization analysis of nkx2.5 expression indicated that the heart primordia in igf1r MO-injected embryos failed to fuse at the dorsal midline even at 24 hpf (Figure 1d ). This pattern resembled that of wild type or control embryos at 17-18 hpf. 18 Additionally, immunostaining with F59 for the ventriclespecific myosin heavy chain indicated that inhibition of IGF1R signaling resulted in a decrease in ventricle tissue and reduced migration of the heart toward the ventral side of the embryo (Figure 1d ).
We next analyzed igf1r MO-injected embryos for potential patterning defects. We found that reduced IGF1R signaling did not alter brain patterning, as indicated by the mRNA expression of emx1 (labeling forebrain), eng2a (hindbrain), egr2b (third and fifth rhombomeres) and pax2a (optic stalk, mid-hindbrain boundary, hindbrain) (Figure 2a-h) , although the spatial domains of these markers were somewhat reduced in igf1r MO-injected embryos. The expression domains of myoD and myogenin were also reduced compared to controls (Figure 2m-p) . We also analyzed the expression of rx1 in the eye and claudin a in the otic vesicle and found the extent of expression to be more markedly reduced (Figure 2i-l) .
To confirm that these defects found in igf1r MO-injected embryos are indeed caused by the loss of Igf1rs, MO-resistant mRNAs encoding full-length igf1ra and igf1rb were coinjected with igf1r MOs. As shown in Figure 3a , coinjection of the igf1r MOs along with igf1ra and igf1rb mRNA (igf1r mRNA) resulted in a significant recovery of normal growth and development. The mean body length increased from 47% of controls in igf1r MO-injected embryos to 80% in igf1r MOs7igf1r mRNAinjected embryos. Somite number also increased from 16.770.41 in igf1r MO-injected embryos to 23.970.59 in igf1r MOs7igf1r mRNA-injected embryos (Po0.0001) (Figure 3c and d) . Additionally, embryos with reduced IGF1R signaling exhibited a significant decrease in rx1 expression in the retina, whereas embryos coinjected with igf1r MOs7igf1r mRNA exhibited a substantial recovery of rx1 expression (Figure 3b ). Taken together, these data indicated that IGF1R signaling is required for proper zebrafish embryo growth and development but does not play an indispensable role in the patterning of brain or other embryonic tissues examined.
Inhibition of IGF1R signaling results in increased neuronal apoptosis. IGF1R signaling is a potent promoter of cell survival in a variety of cultured mammalian cells. [19] [20] [21] To test whether loss of IGF1R signaling leads to increased apoptosis in a developing vertebrate embryo, we measured the activity of caspase 3, an executioner caspase. Reducing IGF1R signaling resulted in a four-fold, highly significant increase in caspase 3 activities over controls and coinjection of the igf1r MOs along with igf1r mRNA reduced caspase 3 activities to the basal level (Figure 4a) . We next performed TUNEL on cryosections of 20 hpf control and igf1r MOinjected embryos to decipher patterns of apoptosis. Whole mount in situ hybridization analysis of various marker genes in control (left panels) and igf1r MO-injected (right panels) embryos at 24 hpf: emx1 expression in the forebrain (a, b); eng2a expression in the mid-hindbrain boundary (c, d); egr2b expression in the third and fifth rhombomeres of the hindbrain (e, f); pax2a expression in the optic stalk, mid-hindbrain boundary and hindbrain (g, h); rx1 expression in the retina (i, j); claudin a expression in the otic vesicle (k, l); myoD (m, n) and myogenin (o, p) expression in the somatic myotome. Similar patterns were observed in all embryos examined in each group (N ¼ 8-10) apoptotic cells throughout the brain region (Figure 4b ). Concurrently, there was a substantial reduction in rx1 mRNA expression in retinal tissues in igf1r MO-injected embryos (Figure 4c ). TUNEL analysis of the trunk regions of these embryos revealed a similar increase in apoptosis in igf1r MO-injected embryos. The majority of apoptotic cells were found in the spinal cord (Figure 4d ). The elevated neuronal apoptosis was reduced by coinjection of the igf1r MOs with igf1r mRNA (data not shown). Analysis of caudal primary motoneuron (CaP) by SV2 immunostaining indicated a reduction in the number of CaP motoneurons in igf1r MOinjected embryos (Figure 4e ). These results strongly suggest that IGF1R signaling is an important survival signal for neuronal cells in developing zebrafish embryos.
To test whether this increased neuronal apoptosis was the cellular basis underlying the retina and CaP motoneuron defects in igf1r MO-injected embryos, zebrafish antiapoptotic bcl2-like (bcl2l) mRNA was coinjected with igf1r MOs to inhibit apoptosis. Injection of bcl2l mRNA caused a significant reduction of caspase 3 activity, greatly attenuated the increased apoptosis in the brain and spinal cord and resulted in a recovery of retina and CaP motoneurons (Figure 4a -e). These findings suggest that promotion of neuronal cell survival is a major mechanism by which IGF1R signaling regulates zebrafish retina and other neural tissue development.
Expression of a dominant-negative IGF1R phenocopies igf1r MO-injected embryos. The finding that IGF1R-deficient embryos progressed normally through development until approximately 16 hpf and then arrested at 18 hpf is both intriguing and puzzling, because both IGF ligands and IGF1Rs are expressed in a widespread fashion throughout all stages of embryogenesis.
14 Because it is known that maternal proteins can influence early development in zebrafish, 22 we postulated that maternal IGF1R protein may keep normal development up to 16 hpf. To test this idea and to investigate the developmental roles of IGF1R signaling further using an independent approach, a zebrafish dominant-negative IGF1R was constructed by deleting the intracellular signaling domain of IGF1Ra and tagging its C terminus with EGFP (dnIGF1R:GFP) ( Figure 5a ). Successful expression of the dnIGF1R:GFP fusion protein was confirmed by Western immunoblot (IB) using a GFP antibody ( Figure 5b ) and by observing GFP fluorescence microscopically (data not shown). Subsequent biochemical analysis revealed that overexpression of the dnIGF1R:GFP fusion protein did not alter total IGF1R protein levels but significantly diminished the levels of phosphorylated and activated IGF1Rs (Figure 5c ). Further analysis revealed a major decrease in the levels of phosphorylated Akt (Figure 5d ), which is a major downstream effector of the IGF1R. significantly increased compared to control GFP mRNAinjected embryos (Figure 5f ). These results indicated that expression of the dnIGF1R:GFP fusion protein effectively inhibited IGF1R signaling, and provide further evidence supporting a critical role for IGF1R signaling in promoting neuronal cell survival, as well as proper embryonic growth and development. They also suggest that the late onset of IGF1R loss-of-function phenotypes is not likely because of maternal IGF1R protein.
Inhibition of IGF1R signaling does not alter early central nervous system patterning. Given recent reports for a role for IGF signaling in the induction of anterior neural tissue and patterning [15] [16] [17] , we tested whether igf1r MOs and dnIGF1R: GFP mRNA-injected embryos exhibited defects in patterning the central nervous system (CNS). Neither igf1r MOs nor dnIGF1R:GFP mRNA-injected embryos exhibited defects in CNS patterning, as indicated by the expression of otx2 (presumptive forebrain and midbrain), pax6b (eye field and forebrain) and shh (notochord) at 10 hpf. As shown in Figure 6a , the expression patterns of these genes, which are all critical for normal neural development, are indistinguishable among controls, igf1r MOs and dnIGF1R: GFP mRNA-injected embryos. We next performed flow cytometry analysis at 10 hpf. Representative cell cycle histograms are shown in Figure 6b , and there are no major differences among the treatment groups in terms of the percentages of cells in each cell cycle phase (Figure 6b ), although both igf1r MOs and dnIGF1R:GFP mRNA-injected embryos exhibited a modest but statistically significant increase in the percentages of cells in the G 1 phase The addition of a caspase 3 inhibitor, DEVD-fmk, to the lysates of dnIGF1R:GFP mRNA-injected embryos was used as a control for specificity. *Po0.0001 for comparisons between control GFP mRNA and dnIGF1R:GFP mRNAinjected embryos compared to controls. igf1r MOs and dnIGF1R:GFP mRNAinjected embryos were not significantly different from each other. Additionally, there were no significant sub-G1 peaks in control or IGF1R loss-of-function embryos, indicating low levels of apoptosis among all groups at this stage ( Figure 6b ).
Inhibition of IGF1R signaling affects cell cycle progression. Although overexpression of bcl2l in igf1r MO-injected embryos reduced apoptosis and rescued the retinal and motoneuron defects, it had no effect on the developmental arrest. As shown in Figure 7a , 24 hpf igf1r MOs7bcl2l mRNA-injected embryos did not advance further than 18 hpf (18.1370.98 somites). We, therefore, tested whether the developmental arrest observed in igf1r MOinjected embryos was because of defects in cell proliferation. Indeed, igf1r MOs and igf1r MOs7bcl2l mRNA-injected embryos exhibited significantly less BrdU-positive cells compared to controls (61 and 50% of the control group, respectively) ( Figure 7b ). To examine this cell proliferation defect in more detail, flow cytometry analysis was performed.
Representative cell cycle histograms of 20 hpf embryos injected with control MOs, igf1r MOs, igf1r MOs7bcl2l mRNA, or igf1r MOs7igf1r mRNA are shown in Figure 7c . igf1r mRNA reduced it to control levels (Figure 7c) , suggesting apoptotic inhibition.
When the change in the percentages of cells in each cell cycle phase, from 16 hpf (the onset of developmental arrest) to 20 hpf (2 h after developmental arrest), was quantified and compared, we found no significant differences in the cell cycle profiles between control MO and bcl2l mRNA-injected groups (Figure 7d (Figure 7d ). This significant increase in G 1 -phase cells and decrease in S-phase cells suggests a defect in cell cycle progression at the G 1 to S transition in these igf1r MOinjected embryos and correlates well with the onset of developmental arrest. Apoptotic inhibition by coinjection of bcl2l mRNA did not alter these patterns (Figure 7d ). Coinjection of igf1r mRNA partially, but significantly, restored normal cell cycle progression by decreasing the percentage of (Figure 7d ). Together, these data suggested that the developmental arrest resulting from the inhibition of IGF1R signaling is independent of apoptosis but is correlated with a defect in the ability of embryonic cells to progress through the cell cycle.
Discussion
Our loss-of-function study demonstrated that Igf1r-mediated signaling is required for the proper growth, development and survival of zebrafish embryos. Knockdown of the igf1r genes or specific inhibition of Igf1r-mediated signaling results in increased embryonic lethality. Igf1r-deficient embryos are significantly smaller in body length and they did not advance beyond a developmental stage equivalent to approximately 18 hpf in wild-type zebrafish but exhibited no patterning defects. These phenotypes are consistent with those reported in mutant mice 11, 12, 23 and Drosophila 24 but differ from previous studies in Xenopus. 15, 16 Although IGF signaling was proposed to be an anteriorizing or neural induction signal in Xenopus, 15, 16 our results show that reduction of Igf signaling not only affects retina, but also other tissues throughout the zebrafish embryo. This is most evident in disrupted CaP motoneuron survival and increased apoptosis in the spinal cord. Depletion of Igf1r-mediated signaling also significantly delays heart morphogenesis and somitogenesis. These results indicate that Igf signaling exerts actions on most, if not all, embryonic tissues, and therefore does not function specifically as an anteriorizing signal in zebrafish. This conclusion is in good agreement with the widespread expression patterns of the Igf ligands and receptors in zebrafish embryos.
14 Differences in anterior neural induction between Xenopus and other vertebrates have been documented previously. For example, inhibiting BMP signaling by overexpressing follistatin, Noggin, or Chordin, anteriorizes Xenopus embryos; 25 however, BMP inhibition is not sufficient to induce a neural cell fate in chick or mouse embryos. 26 Similarly, overexpression of cerberus induces head formation in Xenopus embryos, but head formation is normal in mice null for Cer1. 27 There are also notable differences in the methodologies between our study and previous studies in Xenopus and zebrafish. In the current study, we employed two independent approaches to inhibit IGF1R signaling: multiple gene-specific MOs targeting both igf1r genes and a dominant-negative IGF1R fusion protein possessing the transmembrane domain. Both methods were shown to reduce IGF1R signaling in vivo effectively and they yielded similar phenotypes. The study by Richard-Parpaillon et al. 16 used only one igf1r MO targeting one Xenopus igf1r gene. Pera et al. 15 and Eivers et al. 17 overexpressed a secreted form of a truncated IGF1R lacking both the transmembrane and intracellular domains. The lack of a transmembrane anchor may affect its effectiveness as a dominant-negative inhibitor because there are a family of secreted IGF-binding proteins (insulin-like growth factor binding proteins), which bind IGFs with equal or even greater affinity than the IGF1R. 3, [28] [29] [30] IGFBPs are present at high levels in specific embryonic tissues and could potentially outcompete a dominant-negative IGF1R that does not contain an appropriate membrane anchor, thereby reducing the knockdown efficacy in those tissues. The easily accessible and transparent zebrafish embryo and the functional conservation of the IGF signaling system have provided an excellent opportunity for an in-depth investigation into the cellular basis of IGF signaling during early embryogenesis. Taking advantage of this model organism, we showed that knockdown or inhibition of the zebrafish IGF1R signaling significantly increased caspase 3 activity and TUNEL-positive cells. In the brains of IGF1R-deficient embryos, we observed a widespread pattern of apoptosis. In the trunk, apoptotic cells were concentrated in the spinal cord. Consistent with this increase in neuronal apoptosis, IGF1R-deficient embryos had a disproportionate reduction in retinal tissue compared to other anterior tissue and disruptions in CaP motoneuron formation/survival. Overexpression of bcl2l in IGF1R-deficient embryos led to a recovery of these tissues, strongly suggesting that IGF1R signaling regulates the development of the retina and CaP motoneurons, and possibly other neuronal tissues, by promoting cell survival.
It is interesting that embryos with reduced IGF1R signaling progressed normally until approximately 16 hpf and became arrested at B18 hpf. Reduced somite number and retarded heart morphogenesis was manifestations of this developmental arrest. In agreement with our findings in zebrafish, igf1r null mutant mice exhibit no significant differences in growth rate compared to wild-type littermates until embryonic day 11.0. 11, 12 Whether elevated apoptosis played any role in these defects in developmental timing was not investigated. In this study, we found that overexpression of bcl2l could not restore normal developmental timing, suggesting that elevated apoptosis is unlikely the cellular basis underlying the developmental arrest. We noted that embryos with reduced IGF1R signaling exhibited a significant decrease in the number of proliferative cells, supporting the notion that endogenous IGF signaling may be required for embryonic cell cycle progression. Indeed, we found a significant increase in the percentage of G 1 -phase cells and a significant decrease in the percentage of S-phase cells in embryos deficient in IGF1R signaling compared to controls. This phenotype was unaffected by apoptotic inhibition but could be rescued by coinjection of igf1r mRNA. These data indicate a strong correlation between the developmental arrest phenotype and defects in cell cycle progression at the G 1 to S transition. This conclusion is consistent with a recent study in mouse suggesting a role for IGF1 in accelerating the cell cycle by decreasing the G1 phase and increasing cell cycle reentry in the embryonic cerebral cortex. 31 Moreover, several studies in Drosophila point to a critical role for insulin receptor/IGF1R signaling in controlling the duration of embryonic development, total body size and organ size by regulating the rates of cell growth and proliferation. 32, 33 We and others have previously shown that the zebrafish IGF ligands and IGF1Rs are highly expressed in almost all tissues and at all stages of embryogenesis. 14, 17 In fact, IGF, IGF1R and IGFBP transcripts are detected even at the onecell stage. 3, 14 It is, therefore, intriguing that the developmental arrest phenotype in IGF1R-deficient embryos did not occur until approximately 16 hpf. The reason for this is yet unclear; however, it cannot be attributed to maternal IGF1R protein, because igf1r MOs and dnIGF1R:GFP mRNA-injected embryos exhibited nearly identical developmental arrest phenotypes. Future studies are needed to determine whether other components of the IGF signaling cascade, downstream of the IGF1R, are involved in the interesting developmental regulation of IGF1R signaling during zebrafish embryogenesis.
Materials and Methods Animals and reagents. Adult wild-type zebrafish (Danio rerio) were maintained at 281C on a 14 h:10 h (light:dark) cycle and fed twice daily. Embryos were generated from natural crosses. Fertilized eggs were raised in embryo medium at 28.51C and staged by hours postfertilization or standard criteria. 34 All experiments were conducted in accordance with guidelines approved by the University Committee on the Use and Care of Animals, University of Michigan.
All chemicals and reagents were purchased from Fisher Scientific (Pittsburgh, PA, USA) unless otherwise noted. RNase-free DNase was purchased from Promega Morpholino knockdown. Gene-specific morpholino-modified oligonucleotides (MO) were purchased from Gene Tools, LLC (Philomath, OR, USA). Stock MO solutions were diluted in Danieau buffer and injected into fertilized embryos (1 nl/embryo) at the one-or two-cell stage, as previously described. 13 To ensure efficient knockdown of the igf1r genes, two nonoverlapping MOs were designed to target the translational start site and a region slightly upstream of that in the 5 0 UTR of each igf1r subtype; the specificity and efficacy of each of these MO sequences have been confirmed using multiple approaches. 13 Cloning and capped mRNA synthesis. cDNAs encoding full-length igf1ra and igf1rb were amplified by RT-PCR using Pfu DNA Polymerase (Stratagene, La Jolla, CA, USA) along with the following primers: igf1ra 5 0 -TTGGTACCGACCATGGGATCTGGAACAGCGAGG-3' and 5 0 -ACGACCATGTAG ACAAAGGGA-3 0 , and igf1rb 5 0 -TTGGTACCGACCATGGGGTCTAGCAAACAGA GG-3 0 and 5 0 -GTCTCGAGCAGCAAGCCGAAGACTGG-3 0 . The resulted cDNAs were then cloned into the pBluescript II SK þ vector. To generate a dominantnegative igf1ra construct, a DNA fragment was amplified by RT-PCR using the following primers: 5 0 -TTGGTACCGACCATGGGATCTGGAACAGCGAGG-3 0 and 5 0 -GTGGGCCCGCACAATGATGACAGCTACGAT-3 0 . This DNA fragment encodes a truncated IGF1Ra protein (from amino acids 1-974), containing the transmembrane and dimerization domains but lacks the tyrosine cluster, ATP binding site and the IRS-1 binding site. The same truncation in the human IGF1R has been shown to have the ability to form heterotetramers and the inability to activate intracellular signal transduction. 35 The amplified igf1ra PCR product was digested with ApaI and KpnI and subcloned it into the pHsp70-GFP vector 36 , thus creating a dominant-negative IGF1Ra:GFP fusion protein (dnIGF1R:GFP). This construct was then subcloned into pBluescript II SK þ using KpnI and XhoI restriction sites, containing a previously inserted BGH polyA signal. A cDNA encoding the full-length zebrafish Bcl2-like (formerly known as BCL-xl) protein was cloned by RT-PCR based on sequences obtained from EST searches. The sequence is identical to a published cDNA sequence with the exception of one nucleotide in the 3 0 -UTR region. 37 The above constructs were linearized with NotI digests, and capped mRNAs encoding these proteins were synthesized using T7 polymerase, as previously reported. 38 Microinjection. MO, plasmid DNA or mRNA solutions were injected into 1-2 cell embryos as reported previously. 38 To knockdown igf1r expression, we injected a mixture of all four MOs in the experiments described here. Each MO was injected at a final concentration of 1.25 ng/embryo, for a total of 5 ng MO/embryo. Two genespecific missense control MOs were combined and injected at a final concentration of 2.5 ng/embryo for a total of 5 ng MO/embryo. For rescue experiments, igf1ra and igf1rb mRNA were coinjected (100 pg/embryo each) with igf1ra MO2 and igf1rb MO2 at 2.5 ng/embryo each. These mRNAs lack the 5 0 UTR and are resistant to the igf1r MOs targeting the 5 0 -UTR. The dnIGF1Ra:GFP mRNA was injected at a concentration of 750 pg/embryo. The bcl2-like mRNA was injected at a concentration of 200 pg/embryo. As a control for the dnIGF1Ra:GFP mRNA, we injected mRNA encoding GFP at a concentration of 750 pg/embryo.
Body size and somite measurements. Embryo body length was quantified by measuring the linear distance from the mid-hindbrain boundary to the tail, with a line parallel to the top (dorsal) and bottom (ventral) of the image. Each line was then measured using a scale taken at the same magnification. Somite number was quantified by counting total somite number per embryo.
Immunoprecipitation and Western blot analysis. About 20 embryos for each group were dechorionated, deyolked and homogenized in 200 ml of RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EGTA, 0.1% Triton X-100, pH 7.5), containing 10 mg/ml aprotinin, 10 mg/ml leupeptin, 10 mg/ml pepstatin, 100 mM PMSF and 0.1 M sodium orthovanadate. The homogenates were briefly centrifuged to pellet cellular debris. Protein levels of each sample were quantified using a protein assay kit (Pierce Biotechnology Inc., Rockford, IL, USA). Equal amounts of protein were subjected to immunoprecipitation (IP) using either the phosphotyrosine antibody or the IGF1R antibody, or to Western blot analysis. For IP analysis, lysates were precleared using 15 ml Protein G Agarose beads (50% slurry) (Upstate Cell Signaling Solutions, Chicago, IL, USA). After the precleared lysate was transferred to a new tube, 5 mg antibody was added and rotated at 41C for 2 h. Protein G Agarose beads (30 ml) were then added to the samples and rotated for another 2 h at 41C, after which they were briefly centrifuged to pellet the beads. The supernatant was removed and stored for Western blot analysis. The beads were washed once with 1 Â PBS, pelleted and then the supernatant was discarded. The beads were boiled for 5 min in protein sample buffer (250 mM Tris-HCl, pH 6.8, 5% SDS, 0.25% bromophenol blue, 25% glycerol) under reducing conditions. The beads were pelleted again and the supernatant was subjected to Western blot analysis, which was performed as described previously. 38 The anti-phosphotyrosine, Tubulin and GFP antibodies were used at 1 : 1000 dilution, and the anti-Phospho-Akt, total Akt and IGF1R antibodies were used at 1 : 500 dilution.
Whole mount in situ hybridization and immunocytochemistry. Whole mount in situ hybridization using digoxigenin (DIG)-labeled RNA riboprobes and whole mount immunocytochemistry was carried out as reported previously. 14 For immunocytochemistry, heart ventricle tissue was labeled with a 1 : 10 dilution of F59, and motoneuron axons were detected with a 1 : 2000 dilution of anti-SV2. A 1 : 100 dilution of a Cy3-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was used to detect primary antibodies. Images were viewed using a Nikon DC50NN camera mounted to a Nikon Eclipse E600 microscope.
Apoptosis assays. Embryo embedding, freezing and sectioning protocols were performed according to Hu et al. 39 . Sections (10 mm) were collected and airdried at room temperature for 2 h before staining or storage at À201C. For TUNEL assays, sections were stained using the In Situ Cell Death Detection Kit, TMR Red, according to the manufacturer's instructions (Roche, Nutlet, NJ, USA). Nuclei were counterstained with 50 nM sytox (Molecular Probes, Carlsbad, CA, USA). Images were captured using a Nikon DC50NN camera mounted to a Nikon Eclipse E600 microscope. Images of TUNEL and sytox staining were captured separately and then merged using Adobe Photoshop. Whole mount TUNEL staining was also performed according to the manufacturer's instructions, and images were also captured using a Nikon DC50NN camera mounted to a Nikon Eclipse E600 microscope.
Caspase 3 activity was measured using the ApoAlert caspase 3 Activation Assay Kit (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer's instructions. Final values are expressed as fold induction of caspase 3 activity over controls (control MO-injected embryos or control GFP mRNA-injected embryos).
BrdU analysis. Whole mount BrdU analysis of proliferative cells was done according to Gray et al. 40 Briefly, embryos were soaked in BrdU solution for 20 min, transferred to water lacking BrdU for 30 min, then fixed and stained with a 1 : 100 dilution of a BrdU antibody (Invitrogen, Carlsbad, CA, USA). A 1 : 500 dilution of a Cy3-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was used to detect the primary antibodies. Embryos were analyzed and images were captured using laser scanning confocal microscopy (Model LSM 510, Carl Zeiss, Thornwood, NJ, USA). Thirty-five serial sections (5 mm) were taken off the brain of each embryo, including the area from the midhindbrain boundary forward to the forebrain. Fluorescent cells were counted in each section and care was taken to count each BrdU-positive cell only once, despite appearing in multiple sections.
Flow cytometry analysis. Cell cycle analysis was carried out using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Briefly, 40 deyolked embryos were homogenized in 1.5 ml of DMEM þ 10% fetal calf serum (FCS). Single-cell suspensions were obtained by sequentially straining the homogenates through 105 mm and 40 mm mesh filters. The cells were then washed and fixed in ethanol. After fixation, a propidium iodide (PI) staining solution (50 mg/ml PI, 100 mg/ml RNAse Type I, 0.1% sodium citrate, 0.0002% Triton X-100) was added, and the cells were incubated for 1 h in the dark at 41C. Samples were then subjected to flow cytometric analysis, using CellQuest Pro software (BD Biosciences, Franklin Lakes, NJ, USA). A two-parameter dot-plot of forward light scatter versus side scatter was constructed along with a two-parameter dot-plot of FL2 (PI) area versus width. In addition, a single-parameter PI (area) histogram was constructed to illustrate relative DNA content in each cell cycle phase. Cell cycle analysis (percentages of cells in each cell cycle phase) based on PI incorporation was done using Modfit LT (Verity Software House). Coefficients of variation were less than 5% in all experimental groups.
Statistics. Quantitative data are presented as means7standard error (S.E.M.). Differences among groups were statistically compared using one-way ANOVA followed with Fisher's post hoc tests. Differences between groups were statistically compared using unpaired t-tests.
